



































such	 partitioning.	 The	 wave	 functions	 of	 electrons	 in	 crystals	 are	 multi-centred	 and	











chemical	 environments)	 have	 utility	 for	 probing	 chemical	 processes,	 e.g.	 surface	 catalytic	
reactions.			
	
What	 can	be	measured?	 In	 solid-state	 thermochemistry,	 charges	 corresponding	 to	 formal	
oxidation	states	are	consistent	with	lattice	energies	from	thermochemical	data	(Born-Haber	
cycles)	 for	a	plethora	of	 inorganic	compounds10.	The	 response	 to	electromagnetic	 fields	 is	
determined	 by	 the	 dielectric	 screening,	 which	 can	 be	 accurately	 described	 by	 models	 of	
polarisable	 ions	with	 formal	charges,	as	can	the	 interatomic	 forces	and	hence	the	phonon	
dispersion6;	 and	 such	 an	 assignment	 has	 equal	 validity	with	 those	based	on	 calculated	or	
measured	charge	densities.	The	unambiguous	assignment	of	oxidation	states	can	be	made	
from	experiments,	 e.g.	 core-level	 photoemission	 spectroscopy,	 based	on	 reference	 to	 the	
corresponding	 ions	 in	 (usually	aqueous)	solutions.	Moreover,	electrochemical	experiments	
allow	 one	 to	 count	 charges	 going	 to	 electrodes	 directly,	 proving	 the	 (complex)	 reality	 of	
formal	oxidation	states,	while	optical	techniques	can	excite	electron-hole	pairs	with	particular	
degrees	of	localisation.	Electron	spin	resonance	(ESR)	and	nuclear	magnetic	resonance	(NMR)	






more	 elements	with	 differing	 electronegativity,	 the	 bonding	 is	 heteropolar,	which	 can	 be	
described	 using	 the	 language	 of	 covalency	 (i.e.	 hybridisation	 of	 orbitals)	 or	 ionicity	 (i.e.	
polarisation	of	ions).	These	are	two	alternate	descriptions	of	the	same	reality7.	From	an	ionic	
perspective,	moving	from	a	TiO2	molecule	to	the	solid	we	do	not	change	the	oxidation	state,	
but	 rather	 enhance	 the	 polarity	 of	 bonds.	 As	 the	 coordination	 of	 oxygen	 increases,	 the	
Madelung	 potential	 stabilises	 the	 oxide	 anion,	 increasing	 the	 ionisation	 potential	 of	 the	
crystal12.	Due	to	this	bond	polarity,	the	surface	stability	of	metal	oxides	is	dictated	by	classical	
electrostatics13,	a	key	example	is	the	(Tasker	type	II)	(110)	termination	of	rutile	TiO2,	which	is	












as	 recovering	 integral	 oxidation	 states	 from	 first-principles	 within	 the	 modern	 theory	 of	
polarisation15.	Careful	analysis	can	be	used	to	avoid	unphysical	conclusions	such	as	the	Ti(III)	
nature	of	Ti	in	stoichiometric	TiO2.	
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